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Abstract
The interaction between the silver nanoparticle and peptide surfaces has been of increased 
interest for the applications of bionanotechnology and tissue engineering. In order to 
completely understand such interactions, we have examined the optical properties of 
peptide-coated silver nanoparticles. However, the effect of peptide binding motif upon 
the silver nanoparticles surface characteristics and physicochemical properties of these 
nanoparticles remains incompletely understood. Here, we have fabricated sodium citrate 
stabilized silver nanoparticles and coated with peptide IVD (ID
3
). The optical properties 
of these peptide-capped nanomaterials were characterized by UV-visible, transmission 
electron microscopy (TEM), and z-potential measurement. The results indicate that the 
interface of silver nanoparticles (AgNP)-peptide is generated using ID
3
 peptide and sug-
gested that the reactivity of peptide is governed by the conformation of the bound pep-
tide on the silver nanoparticle surface. The interactions of peptide-nanoparticle would 
potentially be used to fabricate specific functionality into the various peptide-capped 
nanomaterials and antibacterial applications.
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1. Introduction
Over the last few years, the fabrication and synthesis of stable silver nanoparticles are the 
most leading active areas of research in the field of bionanotechnology due to their wide range 
of applications in areas such as biosensing, biotechnology, biolabeling, biomedical, and anti-
bacterial applications [1–8]. The properties of nanoparticles would be modified by capping 
certain functional groups to change their biocompatibility and stability in many biological 
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systems [9, 10]. The major challenge is maintaining the size control and distribution of these 
particles into the biological environment. The nanoparticles’ size plays a very important role 
and it should be of a suitable size between 20 and 100 nm to avoid the negative charge and 
renal clearance [11]. The physical and chemical properties of nanoparticles can be changed 
rapidly by the adsorption of proteins which enable them to help cellular internalization [12]. 
In addition, opsonization can result in an undesired cellular uptake, nanoparticle aggrega-
tion, and an immune system response [13].
The available methods for creating “stealth” nanoparticles that resist nonspecific protein adsorp-
tion include surface modification by polyethylene glycol (PEG) [14], polysaccharides [15], mixed 
charge self-assembly [16], and polymers [17, 18]. An attractive way for stealth coatings is to 
study the use of natural materials such as peptides: they are biocompatible, biodegradable, well-
studied, non-immunogenic, and multifunctional materials [19]. Over the last few years, anti-
bacterial peptides have become huge interesting diagnosis tools for improving new techniques 
for the production of novel antibiotics in the treatment of human infections [20]. The antimicro-
bial activity of AgNP nanoparticles has been communicated extensively in the area of killing 
Gram-negative and Gram-positive bacteria [21, 22]. Silver nanoparticles are more toxic element 
to microorganism compared to other metals and they exhibit slow toxicity into cells. They have 
an advantage of lower propensity to induce microbial resistance [23, 24]. The protein-coated 
nanoparticles have been well studied to fabricate stable systems in buffered saline systems (PBS) 
[25, 26]. However, by improving the nanoparticles stability in complex fluids, we can use as 
undiluted human serum is very challenging than in buffered saline solution due to the presence 
of huge proteins. And also, the interactions between peptides and peptide-bound nanoparticles 
were not yet well studied. It is very important to investigate nanoparticles properties in com-
plex fluids before performing in vivo experiments. Developing peptide-coated-AgNP materials 
that are stable in complex fluids increases in vivo applications. In addition to possessing stealth 
properties, it is very useful to incorporate specific interactions of peptide with nanoparticles for 
biomedical technology applications. The peptide sequences have a particular molecular recog-
nition for receptors on various cell types. However, additional conjugation steps are important 
to change peptide targeting sequences onto stealth particles which contain synthetic polymers 
such as PEG [27, 28]. Peptide capping offers many advantages due to their sequence and can be 
applied off for the existing peptide sequence [29, 30]. Combining the s-peptide sequence with a 
targeting moiety leads to specific interactions with maintaining a low fouling background, and 
the complex fluids increase the stability of nanoparticles by peptide coating.
In this work, we have examined a synthetic peptide of IVD (ID3) [31]. The sequence mimics 
is important and the surfaces of proteins have adapted to avoid nonspecific adsorption. This 
leads to improve the stability of nanoparticles in complex fluids. Here, charge neutrality is 
balanced by leaving the N-terminus amine which is free ion, and it contributes to an extra 
positive charge to the peptide. The peptide sequence was attached to nanoparticles such as 
AgNP through a surface anchoring via covalent bonding. The zeta potential and optical spec-
troscopy (UV-visible) results indicate that peptide-anchored silver nanoparticles show high 
stability in complex fluids. The functional peptide always contains biomolecular recognition. 
Moreover, the advantages of this system are easily fabricated in a one-step process by mixing 
silver nanoparticles and self-assembling peptides.
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2. Experimental section
2.1. Materials and methods
Peptide (ID
3
) with confirmed amino acid analysis was purchased from the American Peptide 
Company. Silver nitrate (AgNO
3
) and citric acid tri-sodium salt dehydrate were purchased 
from Fisher Scientific (Waltham, MA). The peptide content varied between 70 and 85%, and 
the ID
3
 peptide was acetylated at the N-terminus. All solvents were purchased from Sigma-
Aldrich Co.
2.1.1. Synthesis
Silver nanoparticles were synthesized by reduction method. Hundred milligrams of silver 
nitrate was dissolved in 500 ml of aqueous solution. It was vigorously stirred and heated 
to a steaming point. To synthesize about 20–30-nm diameter AgNPs, 10–15-mL solution 
of sodium citrate was quickly added while steaming the AgNP solution. The solution was 
heated for another 10–15 min, and the final solution was allowed to cool naturally to room 
temperature (shown in Figure 1).
2.1.2. Peptide-coated AgNPs
Peptide-anchored silver nanoparticles were prepared by mixing citrated-capped AgNP with 
0.5-mM peptide concentration in aqueous solution. The solution was stirred for about 10 min, 
and the self-assembled process was made for 20 h to get a uniform coating.
2.1.3. Characterization of silver nanoparticles
UV-visible absorption spectra were recorded at room temperature from 300 to 800 nm range. 
Fluorescence emission spectra were collected using a Horiba Fluoromax-4 spectrofluorom-
eter. The chemical compositions of AgNPs solution were collected using a Fourier transform 
infrared spectroscopy ranging from 4000 to 400 cm−1. The silver nanoparticles size and mor-
phology of particles were determined by TEM using a Tecnai G2 F20. Samples were prepared 
by evaporating a 10-μL solution of AgNPs onto carbon-supported copper grids. For the deter-
mination of particle size, 300 particles were counted from multiple pictures from different 
areas of the TEM grid using Image J software analysis. The zeta potential of the particles was 
Figure 1. Schematic of silver nanoparticles (AgNPs) synthesis.
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analyzed by using the Zetasizer Nano-ZS device. The measurements were carried out at room 
temperature at 25°C in aqueous solution. The zeta potential was calculated from the electro-
phoretic mobility based on the Smoluchowski theory.
3. Results and discussion
The peptide-capped-AgNPs size was analyzed by transmission electron microscopy (TEM) 
(Figure 2). The diameter and size distribution of the AgNPs were measured using TEM image 
analysis software and verified by image J software. The diameter of the silver nanoparticles 
was approximately observed to be 27 ± 2.0 nm (Figure 2), and it was measured by statisti-
cal analysis. The images of nanoparticles are shown in Figure 2(a)–(c) and peptide-anchored 
AgNPs images are also shown in Figure 3(a) and (b). The peptide anchoring does not influ-
ence the size of silver nanoparticles. On the basis of the HR-TEM images, and the constant 
silver core diameter, it is evident that peptide-anchored-AgNPs remain mono-disperse even 
after peptide-anchoring process (Figure 3).
The HR-TEM image (Figures 2 and 3) of AgNPs showed that the fringe spacing of AgNP was 
2.4 Å, which corresponded to the spacing between the plane of face-centered cubic (fcc) silver. 
The selected area of the diffraction pattern (SEAD) of silver nanoprism (Figure 2(d)) indicated 
that the entire nanoparticle was a single crystalline structure [32–34]. The SEAD pattern was 
Figure 2. The TEM images of silver nanoparticles dispersion (a–c) and a selected area of the diffraction pattern of gold 
nanoparticles (d), and the insert shows the diameter distribution of AgNPs (a).
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indexed according to planes of (111) and (200) reflection, and the crystal structure of silver is 
FCC on the basis of the d-spacing 2.4 and 2.04 Å. The d-spacing was also calculated from dif-
fraction pattern. The HR-TEM image of peptide-anchored AgNPs showed (Figure 3) that the 
nano-thin layer of peptide anchoring was observed.
The FTIR spectra of citrate-stabilized AgNPs were performed to know the anchoring mol-
ecules present on the surface of AgNPs (Figure 4). FTIR spectrum shows absorption bands at 
3350, 2914, 2855, 2354, 1740, 1632, 1455, 1377, 1242, and 1040 cm−1 and indicating the presence 
of anchoring agent on the AgNPs surface. The bands at 3350 cm−1 in the spectra indicate an 
O–H stretching vibration in the presence of alcohol. The bands at 2914 and 2855 cm−1 regions 
arising from C–H stretching of the aromatic groups were found. The band at 1740 cm−1 was 
assigned to the C–C band stretching. The band at 1632 cm−1 in the spectra indicates C–C and 
C–N stretching in the presence of proteins [35]. The band at 1455 cm−1 was indicated for N–H 
stretch vibration in the presence of amide linkages of peptides. These functional groups have 
Figure 3. HR-TEM image of peptide-coated AgNPs.
Figure 4. FTIR spectra of silver nanoparticles.
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an important role in stability and anchoring of AgNP as reported in the previous studies [35]. 
The bands at 1455 and 1040 cm−1 were assigned for N–H and C–N stretch vibration of the 
proteins, respectively. The peptide-anchored AgNP particles spectra were also collected by 
using FTIR and observed that the peaks were suppressed. It may be due to a thin nano-layer 
anchoring covered on the nanoparticles surface.
The citrated-AgNPs show a Plasmon band at 529 nm (Figure 5(a)) with the help of UV-visible 
spectra. The particle diameter and size can also be identified from the concentration of sil-
ver nanoparticles solution [36–38]. The surface Plasmon absorption spectrum of AgNPs as 
the function of concentration is shown in Figure 5(a). The intensity of absorption spectra 
increases as increasing the AgNP concentration. The trend was consistent with the changes 
indicating the surface of Plasmon band of AgNPs. For peptide (ID
3
)-anchored AgNPs, the 
Plasmon band absorbance shifts to a higher wavelength of 404-nm region (Figure 5(b)).
The hydrodynamic diameter of peptide-anchored-AgNPs was measured by Zetasizer as 
27 ± 2 nm. Zeta potential measurements indicate that the charge of the Cit-AgNP is −40 ± 2 mV 
(Figure 6) in a water medium and the charge of peptide-anchored-AgNPs is −13 ± 1 mV. The 
differences of charge are observed between citrated-AgNPs and PC-AgNPs in UV-visible 
region, and TEM and zeta potential measurements show evidence that the peptide is effec-
tively anchored on the surface of AgNPs. The shift to a higher Plasmon band and the hydro-
dynamic diameter size increase by about 1–2 nm after the addition of a peptide which is 
consistent with the formation of a peptide layer on the surface of nanoparticles [18]. Also, the 
reduction of charge from −40 to −13 mV (Figure 6) indicates the displacement of negatively 
charged citric acid by the positive charge of the peptide. The small amount of negative charge 
still remaining on the PC-AgNPs is most likely due to a few residual citrate molecules on the 
surface even after ligand exchange.
The stability of peptide-anchored nanoparticles in phosphate-buffered saline is the first phenom-
enon for developing robust, biocompatible systems. However, if the particles are to be utilized 
in more complex environments, such as in vivo, then harsher conditions need to be analyzed. 
Figure 5. (a) Absorption spectra with a peak intensity of AgNPs at different concentrations. (b) Absorption spectra of 
AgNPs and AgNP/ID
3
 at 30 mg/ml AgNP concentration.
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Particle stability was assessed by monitoring the hydrodynamic diameter of nanoparticles using 
the UV–visible, TEM, and DLS. As seen in Figure 7, PC-AgNPs maintain the same hydrody-
namic diameter (27 ± 2) after exposure to 15 wt% NaCl, 1 mg/ml lysozyme, and PBS solutions.
We examined the peptide-anchored AgNP stability under high salt conditions. Most of the 
nanoparticles aggregate when the salt was increased due to the screening of electrostatic 
repulsion. However, zwitterionic and mixed charge materials can resist aggregation of 
Figure 6. (a) The zeta potential of AgNPs and AgNP/ID
3
 as a function of concentration.
Figure 7. DLS measurements of the hydrodynamic diameter (volume percentage) (nm) of PC-AgNPs after exposure 
to PBS, 1 mg/mL lysozyme in PBS, and 15 wt% NaCl solution for 50 min. Each data point represents an average value/
standard deviation from three independent measurements.
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nanoparticles due to the presence of a strongly bound surface hydration layer [17, 18]. In 
addition, to examining particle stability in PBS medium, the stability of peptide-anchored 
AgNPs was also measured at higher salt concentrations. Peptide-anchored silver nanopar-
ticles maintain stability even at 15 (wt%) salt concentration. These results indicate that the 
thin nano-peptide layer formed on the surface of silver nanoparticles (AgNPs).
4. Conclusion
In summary of results, the synthesis and characterization of peptide-anchored silver nanopar-
ticles was demonstrated. The peptide-anchored nanomaterials were generated through a 
simple reduction approach, which helps a general synthetic route that produces particles of a 
similar size using peptides anchoring. The AgNPs were generally spherical with a relatively 
narrow size distribution. Peptide-anchored AgNPs show high stability in a high salt concen-
tration. The results suggest that the reactivity of the peptide on AgNPs surface is governed 
by more details as indicated by the peptide structure. These results would be useful in the 
development of functional nanoparticles that exploit surface-based activity in the area of drug 
delivery and various bionanotechnology applications.
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